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(54) Plasma nttrldatlon of a silicon oxide film 

(57) Disclosed are a method and apparatus for 
forming an insulating fim on the surface of a semicon- 
ductor substrate (1) capable of improving the quality 
and electrical properties of the insulating fim with no 
employment of high-temperature heating and with good 
controllability. After the surface of a silicon substrate rs 
cleaned, a silicon dioxide film having a thickness of 1-20 
nm is formed on the substrate surface. The silicon sub- 
strate is exposed to plasma generated by electron 
impact, while the silicon substrate is maintained at a 
temperature of 0°C to 700°C. Thus, nitrogen atoms are 
incorporated into the silicon deride fim, obtaining a 
modified insulating film having good electrical proper- 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention: 

The present invention relates to a method for form- 
ing an insulating film on the surface of a semiconductor 
substrate and to an apparatus for carrying out the 
method. 

Description of the Related Art: 

Conventional/, sflicon oxynrtride fims are used as 
gate insulation films and capacitor insulating flms for 
serniconductor devices, particularly, when they are sili- 
con devices, MOS (Metal Oxide Serniconductor) tran- 
sistors and MOS capacitors. These insulating films 
must have a high dielectric breakdown voltage and a 
high dielectric breakdown charge amount. A wafer 
cleaning process plays an important role in attainment 
o* the requirement as wafers must be property deaned 
and have a low fixed electric charge density and a low 
interface state density. 

Along with a recent tendency to reduce the geome- 
try and increase integration of semiconductor device cir- 
cuits, gate insulating fims and capacitor insulating films 
are becoming thinner. For example, under the design 
rule of 0.1 pm or less, gate insulating fims must be as 
thin as 3 nm or less. 

Accorcfing to a conventional method for forming 
gate insulating films of MOS transistors, a semiconduc- 
tor substrate is exposed to an atmosphere of dinrtrogen 
monoxide (N2O) or nitrogen monoxide (NO) at a high 
temperature of about 1000 °C. Attematively, a wafer is 
heated to a temperature of about 700°C in an ammonia 
atmosphere. 

Also, conventional methods for forming axynitride 
films at low temperatures include the toflowing: thermal 
oxyrtfridation is performed while ultraviolet rays are 
radiated; and silicon is drectly nrtrided through expo- 
sure to nitrogen compound plasma or nitrogen gas 
plasma. However, these methods fail to form thin high- 
quality oxynrtride films with good controllability and 
reproducibility. 

Conventionally practiced thermal oxynitridation 
using N2O gas has involved the following problems: 
heating at high temperatures is required: the amount of 
nitrogen atoms incorporated into a formed oxynrtride 
film is relatively small; and the quality of a silicon dioxide 
film is not sufficiently improved. According to conven- 
tionally practiced thermal oxynitridation using NO gas, a 
heating temperature is as low as about 900°C. and the 
amount of nitrogen atoms incorporated into a formed 
oxynrtride film increases somewhat however, the 
method has involved the problem that the thickness of a 
formed oxynrtride fim cannot be made greater than a 
certain level. Conventionally practiced thermal oxynitri- 


dation using ammonia gas has involved the following 
problem. A formed axynitride film contains a large 
amount of hydrogen, which serves as an electron trap, 
causing an impairment in film quality. Thus, in order to 

5 eliminate hydrogen, after an oxynrtride film is formed, 
the film must be heated to a temperature of about 1000 
°C or must be oxidized. 

Also, conventionally practiced direct axyrutridation 
using plasma has involved the problem that f 1m quality 

10 is impaired due to plasma damage. Particularly; the 
generation of interface state not only impairs hot-carrier 
properties of a transistor but also causes an unstable 
threshold voltage of a transistor and impaired mobifity of 
carriers, which induce a fatal problem for, particularly, 

f 5 finfrpattemed devices. 

Further, the fine patterning of an element requires a 
reduction in thermal treatment temperature Accord- 
ingly, high-temperature heating has raised the problems 
of dopant cfffusion and defect generation. In RF- 

20 plasma-activated oxynitridation of a si icon dioxide fim, 
the use of NH3 plasma enables a relatively large 
amount of nitrogen atoms to be incorporated into the 
fim, but causes a relatively large amount of hydrogen 
atoms to also be incorporated into the fim. As a result, 

25 impairment in fim quality is involved. Also, the use of N2 
plasma has involved insufficient improvement of fim 
quality, since the amount of nitrogen atoms incorpo- 
rated into a fim is relatively small. (Refer to, for exam- 
ple. P. Fazan, M. Dutort arid M. legems, "Appied 

30 Surface Science" Vol. 30, p. 224, 1987.) 

SUMMARY OF THE INVENTION 

The present invention has been accomplished to 

35 solve the above-mentioned problems involved in con- 
ventional methods for forming an insulating film into 
which nitrogen atoms are incorporated. An object of the 
present invention is to provide a method for forming on 
the surface of a serniconductor substrate a high-quality 

40 insulating film into which a large amount of nitrogen 
atoms are incorpor^ed, ^ 
fttureneaung ■no wwngooa GorRron&Dnrty. 

To achieve the above object, the present invention 
provides a method for forming an insulating fim on the 

45 surface of a semiconductor substrate, comprising a step 
of exposing to plasma generated by electron impact an 
insulating fim deposited on the surface of the semicon- 
ductor substrate. Through exposure to plasma, the insu- 
lating film is modified. Preferably, an adequate voltage is 

50 applied between an electron source or a grid electrode 
and the semiconductor substrate so as to prevent the 
occurrence of a charge-up effect on the insulating fim 
during exposure to plasma. 

Preferably, the insulating film to be exposed to 

55 plasma is a silicon dioxide film having a thickness of 1- 
20 nm. This thickness range provides an appropriate 
final film thickness to ultra-thin gate insulating films and 
capacitor insulating films of MIS transistors and MIS 
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capacitors. Die siicon dioxide to.;, is deposited on a 
substrate through thermal oxidation, chemical vapor- 
phase growth, chemical oxidation, physical vapor-phase 
growth, plasma-assisted chemical vapor-phase growth, 
or the like. 

Preferably, the semiconductor substrate is formed 
of at least a single material selected from the group con- 
sisting of single crystalline sflicon. potycrystalline sili- 
con, amorphous silicon, gallium arsenide, indium 
phosphide, silicon carbide, silicon germanium, and sili- 
con germanium carbide. These materials expand the 
range of applications of semiconductor substrates 
formed thereof. 

Preferably, plasma is generated by electron impact 
on a single gas selected from the group consisting of 
the following A through H: 

A. Nitrogen gas 

B. NaOgas 

C. NO gas 

D. Ammonia gas 

E. The mixture of two or more gases of A to D 

F. The mixture of any of A to D and an inert gas 
such as argon, neon, or the like 

G. The mixture ofanyofAtoDanddry oxygen 

H. The mixture of any of A to D and steam-contain- 
ing oxygen 

Any of the above gases A to H are suited for modi- 
fying, through nHridation, a siBcon dioxide film deposited 
on. for example, a sificon substrate of a semiconductor. 

Preferably, exposure to plasma is performed while a 
heat treatment temperature is maintained within the 
range of 0 °C to 700°C. Low-temperature oxynitridation 
enables the achievement of the object of the present 
invention. 

According to the above-mentioned method of the 
present invention, an insulating film having a thickness 
of 1-20 run is deposited on a semiconductor substrata 
Subsequently, the thus-deposited insulating film is 
exposed to plasma generated by electron impact while 
semiconductor substrate temperature is maintained at 
700°C or lower. As a result, an insulating film having 
unrformry high quality can be formed on a semiconduc- 
tor substrate in an efficient, rational manner and with 
good controllability. 

In the thus-formed insulating film, nitrogen atoms 
are contained at a relatively high concentration near the 
surface of the flm and near the interface between the 
insulating film and the semiconductor substrate. Nitro- 
gen atoms contained near the interface improve inter- 
face properties and enable the formation of a high- 
quality insulating film having a low interface state den- 
sity. 

Further, nitrogen atoms contained in the thus- 
formed insulating film near the surface improve surface 
properties of the insulating fim. Thus, the insulating film 
becomes sufficiently fine against diffusion thereinto of 
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impurities, such as boron. 

The quality of an insulating film formed in accord- 
ance with the present invention depends on a method of 
depositing an original insulating film on a semiconduc- 
5 tor surface. Also, an cxynftidation rate, the nitrogen 
content of an insulating film, and the depthwise distribu- 
tion of nitrogen contained in an insulating film depend 
on the temperature and time of heat treatment, the type 
of gaseous atmosphere, the temperatue of a thermoe- 
w lectron source for carrying out electron impact, and a 
vortage applied between a grid and a fiament for accel- 
eration of electrons. Under preferred corrftions of the 
present invention, an instating film deposited on a 
semiconductor substrate can be nitrided at a tempera- 
is toredO°Cto700°C. 

According to the present invention, an insulating 
fim can be modified at a low temperature not higher 
than 700°c through exposure to plasma generated by 
electron impact. Through use of the thus-modified insu- 
20 lating fflm as a gate insulating film, an MOS device hav- 
ing high performance can be realized. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 The structure and features of the method and appa- 
ratus for forming an insulating fim on the surface of a 
semiconductor substrate accorcSng to the present 
invention wil be reacfly appreciated as the same 
becomes better understood by referring to the drawings, 

30 in which: 

FIGS. 1A to 1F are sectional views shewing a proc- 
ess of forming an MOS capacitor through use of a 
method for modifying an insulating fim deposited 

35 on a semiconductor substrate according to a first 
embodiment of the present invention; 
FIG. 2 is a graph showing x-ray photoelectron spec- 
troscopy spectra which were observed by spectro- 
scopic measurement of a silicon epoxide fim formed 

40 by heating a siBcon substrate at a temperature of 
850°C for 12 minutes in a steam-containing oxygen 
atmosphere after washing and removal of native 
oxide fim; 

FIG. 3 is a graph showing x-ray photoelectron spec- 
45 troscopy spectra which were observed by spectro- 
scopic measurement of the silicon dioxide fim 
which had been exposed, at 25°C tor 1 hour, to 
nitrogen plasma generated by electron impact; 
FIG. 4 is a graph shewing synchrotron radiation 
so ultraviolet photoelectron spectroscopy spectra 
which were observed by spectroscopic measure- 
ment of the silicon dioxide film formed on the silicon 
substrate; 

FIG. 5 is a graph shewing synchrotron radiation 
55 ultraviolet ptotc^ectron spectra which were 
observed by spectroscopic measurement of the sil- 
icon dioxide film which had been exposed, at 25°C 
for 1 hour, to nitrogen plasma generated by electron 
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impact; 

FIG. 6 is a graph showing the result of plotting the 
ratio of the quantity of nitrogen atoms to the sum of 
the quantity of oxygen atoms and the quantity of 
nitrogen atoms along d stance from an insulating s 
film surface tor an insulating film which was 
obtained by modifying the sflicon dioxide film 
ttrough exposure, at 25°C tor 1 hour, to nitrogen 
plasma generated by electron impact; 
FIG. 7 is a graph showing x-ray photoeJectron spec- ro 
troscopy spectra which were observed by spectro- 
scopic measurement of the silicon dioxide fflm 
which had been exposed, at 700°C for 1 hour, to 
nitrogen plasma generated by electron impact; 
FIG. 6 is a graph showing synchrotron radiation is 
ultraviolet photoelectron spectra which were 
observed by spectroscopic measurement of the sil- 
icon dioxide fflm which had been exposed, at 700*C 
for 1 hour, to nitrogen plasma generated by electron 
impact; 20 
FIG. 9 is a graph showing the result of plotting the 
ratio of the quantity of nitrogen atoms to the sum of 
the quantity of oxygen atoms and the quantity of 
nitrogen atoms along distance from an insulating 
fflm surface for an insulating fflm which was 25 
obtained by modifying the sflicon dioxide tim 
through exposure, at 700°C lor 1 hour, to nitrogen 
plasma generated by electron impact; and 
FIG. 10 is a schematic view shewing an apparatus 
for Ibrrring an insulating ti^ 30 
strate surface according to a second embocfiment 
of the present invention. 

BRIEF DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 35 

Embodiments of the present invention will next be 
described in detail with reference to the drawings. 

FIG. 1 Ato 1F show a process of forming an insulat- 
ing fim on a semiconductor substrate accord ng toa « 
first embodiment of the present invention. In the present 
errbodiment, an MOS capacitor is formed on a silicon 
substrate, which is an example of the semiconductor 
substrate. 

45 

(1) An isolation region 2 and an active region 4 
were formed on a silicon substrate 1 through use of 
a known selective oxidation technique. A native 
oxide fflm 8 was present on the surface of the active 
region 4 (FIG. 1 A). Specifically, the silicon substrate so 
1 was a p-type (1 00) substrate having a resistivity of 
10-15Ocm. The isolation region 2 was an LOCOS 
(local oxidation of silicon) oxide film having a thick- 
ness of 500 nm. 

(2) In order to dean the active region 4, a wafer was 55 
cleaned by a known RCA cleaning method (W. 
Kern, D. K Plutien: RCA Review, 31, pp. 187, 
1970). Subsequently, the wafer was immersed in a 
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dlute HF solution (0.5 voi. % aqueous solution of 
HF) for 5 minutes, thereby removing the native 
oxide fim 8 from the surface of the sflicon substrate 
1 (FIG. IB). In order to form a high-quality silicon 
dioxide film on a silicon substrate surface 3, the sur- 
face 3 must be dean. Accordingly, after removal of 
the native oxide film 8 from the surface 3, impurities 
must be removed from the surface 3. 

(3) The wafer was rinsed with urtrapure water for 5 
minutes. Subsequently, the wafer was oxidized at a 
temperature of 850°C in a steam-containing oxygen 
atmosphere, thereby forming a silicon dioxide fflm 5 
having a thickness of 8 nm on the a Boon substrate 
1 (FIG. 1C). In addition, to the above-mentioned 
thermal oxidation method of the present embocfi- 
ment, methods of forming an insulating fim on a 
semiconductor substrate surface indude the follow- 
ing: a vapor-phase growth method in which monosi- 
lane is thermally decorrposed and deposited on a 
substrate surface; a sputtering method; an electron 
beam evaporation method; a resistance heating 
evaporation method; an anode coddation method; 
and a chemical method for forming a sflicon dioxide 
fflm in which a semiconductor is immersed in nitric 
add. perchloric acid, or the like. 

As mentioned above in (2), the native oxide fflm 
8 must be removed completely in order to form, in 
the next step, the dean, homogenous sflicon epox- 
ide fflm 5. 

(4) A tungsten filament was heated to a tempera- 
ture of 1400°C in a nitrogen atmosphere having a 
reduced pressure of 1.5 x 10* 2 Torr. A voltage of 53 
V was applied between the fiament and a grid elec- 
trode so as to accelerate thermoelectrons emitted 
from the filament and to make the accelerated ther- 
moelectrons impinged on nitrogen molecules, 
thereby generating nitrogen plasma. The silicon 
decode film 5 was exposed to the generated 
plasma, obtaining a modified insulating film 6 (FIG. 
1D). In this case, the semiconductor substrate was 
heated to a temperature of 700°C or aHowed to 
stand at room temperature. A voltage of -10 V with 
respect to the grid electrode was applied to the 
semiconductor substrate. As a result of this voltage 
explication, positive ions and electrons in plasma 
impinge, in the same amount on the semiconduc- 
tor substrate. Consequently, current became zero 
in the impingement position of the semiconductor 
substrate, thereby pre/enting damage to the insu- 
lating film 6 which would otherwise result from a 
charge-up effect 

(5) An aluminum film 7 was deposited in a thickness 
of 1 jim through sputtering (FIG. 1E). A gate elec- 
trode was patterned on the aluminum film 7 by a 
known ptotoirthography technique. Subsequently, 
the aluminum fflm 7 was etched by a known dry 
etching technique, thereby forming a gate electrode 
9 (FIG. 1F). 
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FIG. 2 shows x-ray photoeibJcron spectroscopy 
(hereinafter referred to as XPS) spectra which were 
observed by spectroscopic measurement of the silicon 
dioxide film 5 after the silicon wafer was heated at a 
temperature of 850°C tor 12 minutes in the steam-con- 
taining oxygen atmosphere. 

The above-mentioned XPS spectra were measured 
through use of a spectrometer, ESCALAB220i-XL, from 
VG SCIENTIFIC. In this case, an employed X-ray 
source was an AlKa radiation source having an energy 
of 1437 eV. Photoelectrons were observed in a drectkxi 
perpendicular to a film surface. A peak (1) is derived 
from photoelectrons from an O 1s orbital of the si Scon 
dioxide film 5. The measured spectra reveals that no 
peak is present in an N 1s orbital region, indicating that 
nitrogen atoms are not contained in the silicon dioxide 
fflm 5. 

FIG. 3 shows XPS spectra which were observed by 
spectroscopic measurement of the silicon dioxide film 5 
which had been exposed, at 25°C for 1 hour, to nitrogen 
plasma generated by electron impact in the step of FK3. 
1D. 

As seen from FIG. 3, a peak (2) is derived from pho- 
toelectrons from an N 1s orbital. Based on the area! 
intensity ratio between the peak (2) and the above-men- 
tioned peak (1), the ratio of the number of nitrogen 
atoms contained in a surface region ranging from the 
surface to a depth of £fcout 3 pm to the sum erf the 
number of oxygen atoms contained in the region and 
the number of nitrogen atoms contained in the region 
was calculated as 29%. The depth of about 3 nm is a 
depth of release of photoelectrons. This indicates that 
through exposure of the silicon dioxide f Im 5 to nitrogen 
plasma generated by electron impact, nitrogen atoms 
are incorporated into the film, i.e. . the film is modffied. 

FIG. 4 shows synchrotron radiation ultraviolet pho- 
todectron spectroscopy (hereinafter referred to as 
UPS) spectra which were observed by spectroscopic 
measurement of the silicon dioxide film 5 formed on the 
silicon substrate. 

The UPS spectra were measured at the National 
Laboratory for High Energy Physics through use of the 
BL-3B beam-line. In this case, the energy of an incident 
beam was 65 eV. Through absorption of the incident 
beam energy, photoelectrons are released over a depth 
of 6-7 angstroms. Accordingly, an observed region 
ranges from the surface to a depth of 6-7 angstroms. 
The employed reference of energy was Fermi level. A 
peak (1) is derived from photoelectrons from an O 2s 
orbital. 

FIG. 5 shows UPS spectra which were observed by 
spectroscopic measurement of the silicon dioxide film 5 
which had been exposed, at 25°C for 1 hour, to nitrogen 
plasma generated by electron impact in the step of FIG. 
1D. 

In this case, the energy of an incident beam was 65 
eV. A peak (2) is derived from photoelectrons from an N 
2s orbital of silicon nitride (S13N4). A peak (3) is derived 


from photoelectrons from the mixed orbital of an N 2p 
orbital of Si 3 N 4 and an Si 3s orbital of Si 3 N 4 . A peak (4) 
ts derived from the mixed orbital of an N 2p orbital of 
S*3N 4 and an Si 3p orbital of Si 3 N 4 . A peak (5) is derived 
from photoelectrons from an N 2p nonboncfing orbital. 
(C. Senemaud. M. Driss-Khodja. A. Gheorghiu, S; 
Hard, G. Dutour, and H. Roulet •Journal of Applied 
Physics,- \fol. 74 (1993), p.5042) 

The above spectral feature indicates that through 
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15 RG. 6 shows the result of plotting the ratio of the 
quantity of nitrogen atoms to the sum of the quantity of 
oxygen atoms and the quantity of nitrogen atoms along 
tfstance from an insulating film surface for the insulating 
f im 6 which was obtained by modifying the silicon diox- 
20 ide film 5 throutfi exposure, at room temperature, to 
nitrogen plasma generated by electron impact 

The above plotted measurements were obtained in 
the following manner: the surface of the insulating film 6 
was gradually etched by means of argon ions having a 
25 kinetic energy of 2 keV; subsequently, the fim 6 was 
measured tor XPS spectra. As seen from FIG. 6, the 
quantity of nitrogen atoms is large near the surface of 
the insulating fim 6 and is next large near the interface 
between the insulating tarn 6 and the silicon substrata 
30 The above-mentioned increase in the quantity of 
nitrogen atoms near the interface is not caused by a 
nitrogen-atom drive phenomenon induced by incident 
argon ions, i.e., not caused by a knock-on effect of nitro- 
gen atoms. K the knock-on effect is involved, the quan- 
35 tity of oxygen atoms must also increase near the 
interface because the mass of an oxygen atom is close 
to that of a nitrogen atom. However, the quantity of oxy- 
gen atoms is decreased near the interface. 

Nitrogen atoms which exist near the surface of an 
40 insulating film prevent impurities, such as boron con- 
tained in a gate electrode of a P channel transistor of a 
dual gate CMOS device, from entering the insulating 
fim. 

Ateo, nitrogen atoms which exist near the surface of 
45 an insulating film conceivably terminate dangling bond, 
strain bond, or the like near the interface between an 
oxide film and an upper electrode (aluminum in the 
present embodiment; polycrystalline silicon in some 
case). Effects yielded by this feature include a reduction 
50 in interface state, an increase in dielectric breakdown 
charge amount, and dielectric breakdown voltage. 

Also, a peak derived from nitrogen atoms is also 
observed near the interface between an oxide fHm and 
a silicon substrate. In an MOS structure, the interface 
55 between an oxide film and a silicon substrate plays a 
very important role in terms of electrical properties such 
as dielectric breakdown properties and interface proper- 
ties. Nitrogen atoms which exist near the interface also 
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firmly terminate dangling bond; broken bond, and strain 
bond near the interface, thereby reducing interlace state 
density and preventing an impairment in a portion of an 
insulating film located near the interlace which would 
otherwise occur due to application of a current stress. 
Thus, the method tor forming an insulating fim accord- 
ing to the present invention can modify properties of an 
insulating film in terms cf both surface and interface, 
thereby enabling the realization of a high-performance 
ultra-thin insulating film. 

FIG. 7 shows XPS spectra which were observed by 
spectroscopic measurement of the silicon dioxide film 5 
which had been exposed, at 700°C tor 1 hour, to nitro- 
gen plasma generated by electron impact. 

Based on the area] intensity ratio between a peak 
(2) and a peak (1) derived from photoelectrons from an 
O 1s orbital, the ratio of the number of nitrogen atoms 
contained in a surface region ranging from the surface 
to a depth of about 3 nm to the sum cf the number of 
oxygen atoms contained in the region and the number 
of nitrogen atoms contained in the region was calcu- 
lated as 11%. Binding energy at the peak (1) revealed 
fret 1 nitrogen atom was bound to 3 silicon atoms. 

FIG. 8 shows UPS spectra which were observed by 
spectroscopic measurement of the silicon dioxide film 5 
which had been exposed, at 700°C tor 1 hour, to nitro- 
gen plasma generated by electron impact. 

A peak (1 ) is derived from photoelectrons from an O 
2s orbital. A peak (2) is derived from photoelectrons 
from an N 2s orbital. A spectral profBe over a binrjng 
energy range of 0 eV to 1 5 eV changes to some degree 
as a result of exposure of the silicon dioxide film 5 to 
nitrogen plasma. However, a peak derived from S^N* is 
not observed. A relatively small nitrogen content of 1 1% 
has revealed that an oxynitride film is formed at a sur- 
face region of the silicon dioxide film 5. 

FIG. 9 shows the result of plotting the ratio of the 
quantity of nitrogen atoms to the sum of the quantity of 
oxygen atoms and the quantity of nitrogen atoms along 
distance from an insulating fim surface tor the insulating 
film 6 which was obtained by modifying the silicon diox- 
ide film 5 through exposure, at 700*0. to nitrogen 
plasma generated by electron impact The plotted 
measurements weal that the quantity of nitrogen 
atoms is relatively large near the surface of the f ilm 6 
and near the interface between the f ilm 6 and the silicon 
substrate. 

The above-mentioned resutts indicate that nitrogen 
can be contained in a surface region of an insulating f flm 
at a relatively high concentration when the heating tem- 
peratu r e of a semiconductor substrate is rather low. The 
nitrogen concentration can be controlled through adjust- 
ment of the heating temperature, in the case of expo- 
sure, at room temperature, to plasma, the nitrogen 
concentration near the surface is significantly higher 
than that near the interface. By contrast, in the case of 
exposure, at 700°C, to plasma, the nitrogen concentra- 
tion near the interface is higher than that near the sur- 


face. This also demonstrates that the nitrogen profile in 
the film can be controlled. 

Next, a second embodiment of the present inven- 
tion will be described. 
5 FIG. 10 shows a schematic configuration of an 
apparatus tor forming an insulating film on the surface of 
a semiconductor substrate. 

As shown in FIG. 10, in a horizontally elongated 
chamber 101, a semiconductor substrate 102 is sup- 
w ported horizontally on support pins 101A. The chamber 
101 is formed of stainless steel SUS 316 and has a vol- 
ume of about 1 8000 cm 3 . 

A thermoelectron source (tungsten filament) 104, a 
gid electrode 105, and a mesh electrode 106 are pro- 
is vided at an upper portion of the chamber 101. A voltage 
can be applied to both ends of the filament 104 so as to 
heat the filament 104 in order to release thermoelec- 
trons from the heated fiament 104. A voltage can be 
applied to the grid electrode 105 so as to accelerate 
20 thermoelectrons released from the fiament 104. 

A vottage can also be appSed to the mesh electrode 
106 and the semiconductor substrate 102. Through 
adjustment of the applied voltages, incident charge on 
the surface of an insulating flm can be made zero, to 
25 thereby prevent the charge-up effect on the insulating 
fim. Halogen lamps 103 are located above and under 
the chamber 101. The chamber 101 has quartz 0ass 
windows at portions corresponding to the halogen 
lamps 103. The halogen lamps 103 are adapted to heat 
30 the semiconductor substrate 102. 

In the above-mentioned apparatus for forming an 
insulating film, an oxygen introduction line 107, a water 
vapor introduction line 108, a nitrogen gas introduction 
line 109, an N2O gas introduction line 110, an NO gas 
36 introduction line 111. an argon gas introduction line 112. 
and an HF gas introduction line 113 are connected to 
the left-hand end (FIG. 10) of the chamber 101. These 
gases react singly or in combination on the surface of 
the semiconductor 102. The introduced gas (gases) is 
40 evacuated from an evacuation port 114 located at the 
right-hand end (FIG. 10) of the chamber 101. An actual 
apparatus has a semiconductor substrate transfer 
mechanism, a control unit. 9 power unit, a temperature 
measurement unit eta The present embodiment 
45 merely refers to a chamber and its peripheral portion 
related to an actual process and to voltage application. 

Next will be described a process of forming 
fating film on a substrate through use of an apparatus 
having the above-descrfoed structure. In this case, a 
50 single crystalline sflicon substrate having a diameter of 
200 mm and a surface area of 314 cm 2 was used as the 
semiconductor substrate 102. 

First the semiconductor substrate (single crystal- 
line silicon substrate) 102 was set in a predetermined 
55 position within the chamber 101 . In order to remove a 
native oxide film from the surface of the substrate 102, 
anhydrous HF gas was introduced into the chamber 101 
at a flow rate of 20 cc/min for about 30 seconds. 
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As a result the native oxide mm was completely 
removed from the surface of the semiconductor sub- 
strate (single crystalline silicon substrate) 102, and a 
dean silicon surface was exposed. 

Next while oxygen gas was being introduced into 
the chamber 101 at a flew rate of 5000 ccAnin. the sem- 
iconductor substrate (single crystaline silicon sub- 
strate) 102 was heated by the halogen lamps 103 such 
that the substrate surface temperature becomes 1000 
°C. Heating at the temperature was maintained for 120 
seconds. As a result a silicon dioxide flm having a 
thickness of 8 nm was formed on the surface of the sub- 
strate 102. At this time, through the introduction of water 
vapor instead of oxygen or together with oxygen, a sili- 
con dioxide film having a predetermined thickness will 
be able to be obtained at a lower temperature. 

Subsequently, the chamber 101 was evacuated. 
Then, nitrogen gas was introduced into the chamber 
101 so as to establish a pressure of 0.5 Torr within the 
chamber 101. In this case, the flow rate of nitrogen gas 
wasSOcc/min. 

Next the filament 104 was activated so that it was 
heated to a temperature of 1300°C. A voltage of 23 V 
with respect to the flam ert 1 04 was applied to the grid 
electrode 105 so as to generate nitrogen plasma 
through electron impact on nitrogen molecules. 

In ttts case, a voltage of -5 V with respect to the 
grid electrode 105 was appfied to the mesh electrode 
106. A vottage of -1 0 V with respect to the grid electrode 
105 was applied to the semiconductor substrate (single 
crystalHne silicon substrate) 102. The substrate 102 
was heated by the halogen lamps 103 such that the 
substrate surface temperature becomes 400 °C. In this 
state, a silicon dioxide film was exposed to nitrogen 
plasma for 1 hour, thereby modifying the silicon dioxide 
film. 

Also, in the present embodiment, the nitrogen atom 
concentration of an insulating film and the depthwise 
profile of ritrogen atoms contained in the insulating film 
can be easily controlled through adjustment of the fol- 
lowing factors: the heating temperature c* the semicon- 
ductor substrate (single crystalline silicon substrate) 
102; the ftow rate of nitrogen gas introduced into the 
chamber 101; time for which an insulating film is 
exposed to plasma; the temperature of the flament 104; 
and a voltage applied to the grid electrode 105. 

After an axynrtride film is formed on the surface of 
the .semiconductor substrate (single crystalline silicon 
substrate) 102. an MOS device can be fabricated in 
accordance with the MOS capacitor fabrication flow of 
FIG. 1. 

The present embodiment has been described while 
nitrogen gas is employed. However, the object of the 
present invention can be achieved through use of any 
compound gas other than nitrogen gas so long as nitro- 
gen atoms are contained. Examples of such a com- 
pound gas include N^O gas, NO gas. and ammonia. In 
this case, argon gas, neon gas. or like gas may be 


mixed in. 

The present embodiment has been described while 
the semiconductor substrate 102 is heated at a temper- 
ature of 400 °C. However, the substrate heating temper- 
5 ature is not limited thereto The substrate 102 may be 
heated at a temperature of 0°C to 700°a 

The present embodiment has been described while 
the halogen lamps 103 are used to heat the surface of 
the semiconductor substrate 102. A heating method is 
w not limited thereto. Resistance heating may be 
employed. 

The first and second embodiments have been 
described while a single crystalline sificon substrate is 
used as a semiconductor substrate. However, substrate 
is material is not limited thereto. The semiconductor sub- 
strate may be of potycrystalline silicon, amorphous sifi- 
con, gallium arsenide, indium phosphide, sfficon 
germanium, silicon germanium carbide, or silicon car- 
bide. 

20 The present invention is not limited to the above- 
described embodiments. Numerous modifications and 
variations of the present invention are possible in light of 
the spirit of the present invention, and they are not 
excluded from the scope of the present invention. 

2S 

Claims 


1. A method for forming an insulating fim on the sur- 
face of a semiconductor substrate, comprising a 

30 step of exposing to plasma generated by electron 
impact an insulating fim formed on the surface of 
the semiconductor substrate (1). 

2. A method tor forming an insulating fim on the sur- 
35 face of a semiconductor substrate accordng to 

Claim 1, wherein the insulating film formed on the 
surface of the semiconductor substrate is a silicon 
oxide fim having a thickness of 1-20 nm, 

40 l A method for forming an insulating fim on the sur- 
face of a semiconductor substrate acconSng to 
Claim 1, wherein plasma is generated by electron 
impact on a gas selected from the group consisting 
of a nrtrogen-atorrvcontaining compound gas, nitro- 

45 gen. din'rtrogen monoxide (hfeO). nitrogen monox- 
ide (NO), and ammonia. 

4. A method tor forming an insulating fim on the sur- 
face of a semiconductor substrate accorcfing to 

so Claim 1. wherein the semiconductor substrate is 
formed of at least a single material selected from 
the group consisting of single crystalline silicon, 
polycrystalline silicon, amorphous silicon, gallium 
arsenide, indium phosphide, silicon carbide, silicon 

55 germanium, and silicon germanium carbide, 

5. A method for forming an insulating fim on the sur- 
face of a semkxxxtoctor substrate according to 
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Claim 1. wherein the inflating film formed on the 
surface of the semiconductor substrate is a film 
formed through thermal oxidation, chemical vapor- 
phase growth, chemical oxidation, plasma-assisted 
chemical vapor-phase growth, physical vapor- 5 
phase growth, or the like. 

6. A method tor forming an insulating film on the sur- 
face of a semiconductor substrate according to 
Claim 1. wherein two peaks of nitrogen concentra- to 
tion exist in the insulating film, one near the surface 

of the f Bm and the other near the interface between 
the insulating f 1m and the semiconductor substrate 
and wherein the peaked nitrogen concentrations 
range between 0.1% by atom and 60% by atom. is 

7. An apparatus tor carrying out the method of Claim 
1, comprising: 

a chamber formed of metal and having quartz 20 
windows; 

halogen lamps disposed above and under said 
chamber and adapted to heat a semiconductor 
substrate through the quartz windows; 
a filament to which voltage is applied for gener- 25 
ating plasma; 

a grid electrode disposed above said filament 
and supplied with a voltage; and 
a mesh electrode disposed below said filament 
and supplied with a voltage; 30 

wherein said mesh electrode, said fila- 
ment and said grid electrode are located 
above the semiconductor substrate; and a gas 
is introduced into said chamber from one end 
of said chamber and is evacuated from the ss 
other end of said chamber (101). 

8. An app^atus according to Claim 7, wherein gas to 
be introduced into said chamber includes anhy- 
drous HF, oxygen, water vapor, 1^0, NO, NH3. and 40 
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